Tomato breeding has been tremendously efficient in increasing fruit quality and quantity but did not focus on improving herbivore resistance. The biosynthetic pathway for the production of 7-epizingiberene in a wild tomato was introduced into a cultivated greenhouse variety with the aim to obtain herbivore resistance. 7-Epizingiberene is a specific sesquiterpene with toxic and repellent properties that is produced and stored in glandular trichomes. We identified 7-epizingiberene synthase (ShZIS) that belongs to a new class of sesquiterpene synthases, exclusively using Z-Z-farnesyl-diphosphate (zFPP) in plastids, probably arisen through neo-functionalization of a common ancestor. Expression of the ShZIS and zFPP synthases in the glandular trichomes of cultivated tomato resulted in the production of 7-epizingiberene. These tomatoes gained resistance to several herbivores that are pests of tomato. Hence, introduction of this sesquiterpene biosynthetic pathway into cultivated tomatoes resulted in improved herbivore resistance.
Tomato breeding has been tremendously efficient in increasing fruit quality and quantity but did not focus on improving herbivore resistance. The biosynthetic pathway for the production of 7-epizingiberene in a wild tomato was introduced into a cultivated greenhouse variety with the aim to obtain herbivore resistance. 7-Epizingiberene is a specific sesquiterpene with toxic and repellent properties that is produced and stored in glandular trichomes. We identified 7-epizingiberene synthase (ShZIS) that belongs to a new class of sesquiterpene synthases, exclusively using Z-Z-farnesyl-diphosphate (zFPP) in plastids, probably arisen through neo-functionalization of a common ancestor. Expression of the ShZIS and zFPP synthases in the glandular trichomes of cultivated tomato resulted in the production of 7-epizingiberene. These tomatoes gained resistance to several herbivores that are pests of tomato. Hence, introduction of this sesquiterpene biosynthetic pathway into cultivated tomatoes resulted in improved herbivore resistance.
metabolic engineering | terpenoid | white fly | spider mite | promoter H erbivorous insects pose serious problems in agricultural production areas. On commercial tomato, whiteflies, spider mites, and aphids are major pests, not only by the feeding damage they cause, but also because they transmit devastating viruses that can cause losses up to 100% (1) . Production of tomato, a crop with considerable economic importance, reached 145,751,507 tons worldwide in 2010, representing a value of 53.3 billion dollars (www.fao.org). In general, wild tomatoes are far less attractive to pests than cultivated tomatoes due to an elevated or qualitatively different production of an array of defense compounds such as alkaloids, phenolic compounds, and terpenes.
Toxic and repellent compounds are mostly produced in glandular trichomes, autonomous epidermal protrusions specialized in efficient production, storage, and release of defense compounds (2) . These glands have long been regarded as economically important and challenging targets for bioengineering (2) . Confining metabolic changes to trichomes ensures that the plant metabolism and crop yield remains unaffected.
Terpenes constitute the largest and most diverse class of plantproduced secondary compounds that maintain a variety of biological functions and applications, including anticancer (taxol) and antimalarial (artemisin) drugs, in flavor and fragrance industry, and for crop improvement through enhanced pest resistance. Wild tomato sesquiterpenes and derivatives have been implicated in defense against herbivores (3) (4) (5) . Sesquiterpenes are C 15 -terpenes predominantly derived from precursors of the cytosolic mevalonate pathway where the C 5 -isoprene units isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) are assembled into C 15 E-E-farnesyl diphosphate (FPP) by FPP synthase (FPS) and converted by specific sesquiterpene synthases. However, it was recently shown that some wild tomato species contain a sesquiterpene pathway that is confined to the chloroplast (6). In Solanum habrochaites LA1777 an atypical sesquiterpene synthase produces the sesquiterpenes santalene and bergamotene from Z-Z-farnesyl diphosphate (Z,Z-FPP) that, in turn, is produced in the plastids from IPP and DMAPP by a short chain cis-prenyltransferase (zFPS) (6) . Recently an additional S. habrochaites sesquiterpene synthase has been identified, along with two new, cis-substrate (neryl diphosphate) using, monoterpene synthases (7). On a sequence level, this sesquiterpene synthase resembles plastidial diterpene synthases more than cytosolic sesquiterpene synthases. In cultivated tomato, the plastidial sesquiterpene synthase pathway appears to be absent, although another cis-prenyltransferase, i.e., neryl-diphosphate synthase, is responsible for producing the precursor of several C 10 -monoterpenes (8) . Cis-prenyltransferases have evolved independently from transprenyltransferases (9) . Zingiberene is a sesquiterpene important in plant defense against an array of herbivores due to its toxicity and repellence (10) (11) (12) (13) (14) and is found in a variety of plant species including basil, turmeric, cardamom, and sorghum. Recently, we found that tomato contains 7-epizingiberene, a stereoisomer of α-zingiberene (15) . Importantly, purified 7-epizingiberene, when applied to the headspace of susceptible cultivated tomato, repelled whiteflies, whereas α-zingiberene isolated from ginger did not (15) . Although several zingiberene synthases have been identified (16) (17) (18) , including one from S. habrochaites (7), we have now unambiguously identified and characterized 7-epizingiberene synthase from S. habrochaites and modified a cultivated tomato to produce 7-epizingiberene. Moreover, plants with improved herbivore resistance were obtained by traditional breeding and these may contribute to reduced pesticide use.
Results
Role for 7-Epizingiberene in Defense Against an Agricultural Pest. To confirm the biological relevance of 7-epizingiberene in defense against whiteflies, an interspecific cross between Solanum lycopersicum cv Moneymaker and the wild tomato S. habrochaites PI127826 was created. PI127826 contains high levels of 7-epi-zingiberene (15) , which the cultivated tomato lacks. The segregating F2 plants, resulting from F1 selfings, produced 7-epizingiberene in a range of concentrations up to PI127826 levels (Fig. S1A) . Six of the 7-epizingiberene containing F2 plants were selected for a terpene-profile analysis. Leaf-surface terpenes were analyzed by GC-MS ( Fig. 1A and Fig. S1B ). F2-2 contains zingiberene levels equal to PI127826 (10.7 ± 2.0, 14.6 ± 3.4 ng·mg −1 FW, respectively). However, it also accumulated monoterpenes and/or other sesquiterpenes at high concentrations (Fig. S1B) . F2-7, F2-71, and F2-141 produced medium levels of zingiberene (Fig. 1A) and terpene levels more comparable to the cultivated plant, both in quantity and composition (Fig. S1B) . Therefore, these plants were selected for whitefly bioassays. F2-141 contained only 8% 7-epizingiberene compared with the wild tomato and no significant effect on adult mortality was recorded (P = 0.4), although the number of eggs deposited was lower. After 5 d, 67% of the whiteflies were dead on PI127826 and F2-7 (Fig. 1B) whereas mortality on F2-71, containing very few terpenes other than zingiberene, reached 44%. Overall, the data show a correlation between the concentration of 7-epizingiberene on the leaf surface and the performance of whiteflies (Fig. S2) . On all zingibereneproducing F2s, a 40-74% reduction in egg deposition was found compared with the cultivated parent (Fig. 1C) , showing that tomato zingiberene is toxic to the insect pest Bemisia tabaci in lower doses than produced by the wild tomato plant.
Identification of 7-Epizingiberene Synthase. To identify the biosynthetic pathway for 7-epizingiberene production in tomato, we determined which terpenes in PI127826 are derived from the cytosolic (MVA; mevalonate) and which from the plastidial (MEP: 2-C-methyl-D-erythritol 4-phosphate) pathway. To this end, we grew plants in hydroponics with the MEP-pathway inhibitor fosmidomycin. In treated plants, the levels of monoterpenes, which are also derived from precursors of the MEP pathway, were reduced by 80% on average (Table 1) . Whereas cytosolic sesquiterpenes such as germacrenes were slightly elevated in fosmidomycin-treated plants, 7-epizingiberene and its derivative R-curcumene decreased by 86% and 99.5%, respectively. Also levels of β-sesquiphellandrene were reduced, indicating that these three sesquiterpenes have a plastidial origin.
Sallaud et al. (6) first provided evidence for a plastid localized sesquiterpene synthase; the santalene-bergamotene synthase (SBS) from LA1777. Based on this sequence we cloned a 778 amino acid terpene synthase from PI127826 with 96% similarity to SBS (Fig.  S3A) . A 36 amino acid N-terminal transit peptide, similar to that of the chloroplast localized ShSBS protein (6), was predicted (www. cbs.dtu.dk/services/ChloroP). Besides the DDXXD motif necessary for precursor ionization, ShZIS contains the EDXXD motif found in copalyl diphosphate synthases, as well as an N-terminal QW motif found in ent-kaurene synthases. ShZIS belongs to the ent-kaurene Terpene Synthase (TPS)-e/f subfamily (see ref. 19) and is not homologous to other zingiberene synthases, such as sweet basil ObZIS (16), Sorghum SbZIS (SbTPS1) (18) , or to other tomato sesquiterpene synthases (19, 20) . However, both ShZIS and ShSBS are homologous to SlTPS19-20, which belong to an atypical class of monoterpene synthases in S. lycopersicum and Solanum pennellii (Fig. S3B ). In addition, ShZIS was cloned Data are means ± SE, n = 3. nd, not detected; ns, not significant.
from four other zingiberene-producing S. habrochaites accessions (LA0094, LA1978, LA2167, and LA2650). Comparative analyses revealed 10 SNPs of which 7 led to amino acid changes (Table S1 ).
Functional Characterization of ShZIS. Recombinant ShZIS enzyme exclusively used Z,Z-FPP and was unable to synthesize detectable products from any other terpene precursor offered, including the stereoisomer E,E-FPP ( Fig. 2A) . Using Z,Z-FPP, the enzyme made zingiberene (98.6%) and trace amounts of β-sesquiphellandrene (0.8%) and curcumene (0.6%), the dehydrogenated derivative of zingiberene. Recombinant zingiberene synthase from lemon basil (ObZIS) (16, 17) was used for comparison with ShZIS (Fig. 2B) . ObZIS produced mainly zingiberene from E,E-FPP whereas Z,Z-FPP was converted mostly into α-bergamotene. Moreover, ObZIS was able to convert both C 10 precursors GPP and NPP into monoterpenes, although at lower efficiency. Enantioselective gas chromatography on a β-cyclodextrin coated column allowed identification of the different zingiberene stereoisomers from tomato and ginger (Fig. 3A) , previously shown to contain 7-epizingiberene and α-zingiberene, respectively (15) . We established that recombinant tomato ShZIS indeed produced 7-epizingiberene from Z,Z-FPP, whereas ObZIS is a bona-fide α-zingiberene synthase that uses E,E-FPP (Fig. 3A) . The kinetic constants for recombinant ShZIS (±84 kDa) indicated a substrate affinity and turnover rate comparable to other plant sesquiterpene synthases e.g., the maize (E)-β-caryophyllene synthase and tobacco 5-epiaristolochene synthase (21, 22) , with a K m value of 7.12 ± 2.68 μM Z,Z-FPP and Kcat of 0.29 ± 0.10 s −1 .
Engineering of zFPS and ShZIS in Cultivated Tomato and Herbivore
Responses. The F2 plants that produced 7-epizingiberene ( Fig.  3B ) contained both the zFPS and the ShZIS genes that are specifically expressed in trichomes (Fig. S4A) . S. habrochaites PI127826 treated with jasmonic acid (JA), a plant hormone involved in response to herbivores, accumulated higher levels of 7-epizingiberene compared with mock-treated plants (Fig. S4B) .
The function of ShZIS was assessed further by stable expression of zFPS and ShZIS genes in S. lycopersicum cv Moneymaker. The zFPS cDNA was expressed under control of the S. habrochaites Methyl Ketone Synthase (MKS1) promoter (23) and ShZIS was driven by the S. lycopersicum Monoterpene Synthase (MTS1) (24) promoter. Transgenic tomato plants containing the uidA reporter (GUS) driven by the MKS1 or the MTS1 promoter revealed that expression under these promoters was specific for type VI glandular trichomes (Fig. S4 C and D) . The terpene profiles of leaf material from seven independent primary zFPS/ ShZIS-transformants were analyzed by GC-MS and compared with those of plants expressing zFPS alone (Fig. 4A) . The transgenic lines containing both genes accumulated 7-epizingiberene (Fig. 4B) , proving that 7-epizingiberene synthesis is orchestrated by ShZIS converting Z,Z-FPP in the plastid of tomato trichomes. Coexpression of zFps and ShZis in tomato trichomes did not reduce levels of monoterpenes (P = 0.20).
Transgenic line 2 contained the highest levels of 7-epizingiberene and was used for bioassays with whiteflies and spider mites (the generalist Tetranychus urticae and a specialist of solanaceous plants, Tetranychus evansi). The leaf washes of line 2 contained only around 1.5% of the 7-epizingiberene in S. habrochaites PI127826. Whitefly mortality and total number of eggs deposited were not significantly affected. However, on transgenic plant 2, significantly more eggs were deposited on the abaxial leaf surface (87.0% ± 2.4) compared with an untransformed plant (P = 0.01) and the lines expressing zFPS alone (P = 0.04) (Fig. 4C) . Whereas wild tomato has type IV and VI glandular trichomes on both sides of the leaf, cultivated tomato lacks type IV and has fewer type VI trichomes on the abaxial side (Fig. S5) . Therefore, in cultivated tomato 7-epizingiberene will be produced mostly on the adaxial leaf surface in type VI trichomes, which inversely correlates to the distribution of whitefly eggs (Fig. S5E) . The production of 7-epizingiberene had no repellent effect on spider mites in a choice assay (P = 0.55), but had a strong effect on their fecundity. Mites placed on leaf disks of transgenic line 2 exhibited a 40% higher mortality and, after 4 d, an 81% reduction in the number of eggs was recorded in the case of T. urticae (Fig. 4D) . The fecundity of the invasive JA-response suppressing mite T. evansi was reduced by 54% on line 2 (Fig. S6) . Subsequently, we tried to mimic the situation in a production greenhouse by infesting intact tomato plants with three female T. urticae mites and then monitored the population growth. The presence of 7-epizingiberene in the transgenic plants affected the population growth rates leading to significantly lower numbers (P < 0.001) of mites on the transgenic plants compared with control plants after 45 d (Fig. 4E) . Moreover, the fecundity of spider mites, which had been allowed to adapt for two generations either on control or transgenic leaves, was still significantly lower on 7-epizingiberene producing transgenic plants independent from the selection regime (Fig. S7) .
7-Epizingiberene also influenced the performance of different insect orders. The development of larvae of the tobacco hornworm (Manduca sexta; Lepidoptera) placed on 7-epizingiberene producing F2 plants (F2-100/21; Fig. S1B ) was significantly (P < 0.0001) retarded compared with that on F2 plants without 7-epizingiberene (F2-200/2; Fig. S8A) . Also, the Colorado Potato Beetle (Leptinotarsa decemlineata; Coleoptera) preferred a diet without 7-epizingiberene in a choice assay ( Fig. S8B ; P < 0.01).
Discussion
Wild tomato species possess a large genetic diversity and genes for the production of defense-related metabolites (25, 26) . Many of these genes were presumably lost during cultivation of tomato leaving them hampered in their defenses against pests such as whiteflies and spider mites. Here we report that a naturally optimized biosynthetic pathway in the wild-tomato germplasm, responsible for the plant's extremely high production of a specific sesquiterpene, can make susceptible cultivated tomatoes more resistant. We identified ShZIS, a trichome-specific sesquiterpene synthase, to produce the 7-epi-stereoisoform of zingiberene in wild tomato PI127826. The protein has high sequence homology with the recently discovered ShSBS plastidial sesquiterpene synthase from wild tomato LA1777 (6) . In a recent survey several terpene synthases of the TPS-e/f family from S. habrochaites were identified to produce α-pinene, limonene or zingiberene (7). PI127826 ShZIS is identical to ShZIS from LA2167 recently identified (7) (GenBank accession no. JN990661), although we found a few SNPs in that accession (Table S1 ). We can conclude that a relatively high number of SNPs is present in 7-epizingiberene synthases of different S. habrochaites accessions (see also Table S1 ). The presence of an N-terminal targeting peptide nearly identical to ShSBS (Fig. S3A) , and the fact that ShZIS exclusively accepts plastidial Z,Z-FPP (6) as a substrate (Fig. 2 and Table  1 ), indicates plastidial localization. Other zingiberene synthases from basil, sorghum, and grape, have promiscuous activity and convert cytosolic E,E-FPP into a variety of sesquiterpenes (17, 18, 27) (Fig. 2B ). Tomato appears to possess a set of atypical terpene synthases, closely related to ancestral TPS synthases (Fig. S3B ) that have so far not been found in other sequenced species (27) .
PI127826 produces 7-epizingiberene in large amounts and appears to invest in a high and constant rate of production. Producing such extreme sesquiterpene levels could, perhaps, be facilitated by a plastidial biosynthetic pathway. Metabolic engineering of a sesquiterpene pathway to the chloroplast resulted in highly elevated sesquiterpene levels in tobacco (28) . In S. habrochaites LA1777, the terpenoid profile is dominated by sesquiterpenes of plastidial origin (29) and it is likely that even more plastidial sesquiterpene sythases will be identified.
The presence of zingiberene could be assigned to a single major locus (30) . We now have provided evidence that this locus must contain ShZIS. In LA1777, ShSBS and zFPS are located on the top of chromosome 8 in very close proximity to each other (6) . We presume that ShZIS is allelic to ShSBS and linked to zFPS as well. Based on geographic distribution and evolutionary divergence, Gonzales-Vigil et al. (7) suggested that ShZIS originated before ShSBS. Because mutagenesis of only three amino acids in the active site of a predominantly zingiberene synthesizing enzyme resulted in an enzyme producing predominantly (E)-α-bergamotene and (E)-β-farnesene (18), mutations could have led to divergence of ZIS and SBS genes in tomato (7) . Probably the neofunctionalization of ShZIS and ShSBS enzymes occurred after a duplication event of an ent-kaurene synthase-like gene in the genome of S. habrochaites. Interestingly, SBS and ZIS genes share high homology (88-89%) to the S. pennellii and cultivated tomato monoterpene synthases PHS (TPS20), on top of chromosome 8 (8, 20) , which make α-and β-phellandrene, respectively.
The toxic effect of trichome exudates of the wild PI126826 tomato, attributed to the presence of zingiberene, has been associated with resistance against a variety of herbivores (10-13). The tomato stereoisoform, 7-epizingiberene, appears to be a defensive compound in several ways. First, the constitutive presence of high amounts of 7-epizingiberene in the plant's headspace probably acts as a semiochemical. Even though whitefly antennae detect both zingiberene stereoisomers, repellence is specific for 7-epizingiberene (15) . This repellence appears to be innate, but when given no alternative whiteflies will settle on a tomato emitting 7-epizingiberene and die (15) . Second, 7-epizingiberene increases tomato-whitefly resistance in a dose-dependent manner (Fig. S2) .
We found a severe reduction in fecundity of two major tomato pests, whiteflies and spider mites (Figs. 1C and 4 D and E) . Survival rate and reproductive success of whitefly adults on PI127826 and 7-epizingiberene producing F2s was severely compromised (Fig. 1) . Even though the levels of 7-epizingiberene on the leaf surface of F2-7 and F2-71 were lower than in the wild tomato, exposure resulted in a comparable reduction of whitefly fitness (Fig. 1 ). This will most likely also lead to reduced spread of Begomoviruses (26) . When 7-epizingiberene levels were below a certain threshold, as was the case for F2-141 and transgenic line 2, a direct toxicity effect was not detected. However, the number of eggs was reduced (Fig. 1C) and with most glandular trichomes on the adaxial surface (Fig. S5) , whiteflies appeared to respond by ovipositing away from the source of 7-epizingiberene production (Fig. 4C) as they do for trichomeproduced acylsugars (31) . Also herbivores belonging to different orders were severely affected by 7-epizingiberene. Neonate M. sexta larvae consume trichomes as a first meal (32), making them particularly sensitive to trichome-produced toxins as reflected in a severe reduction of body mass (Fig. S8A) . The Colorado potato beetle was affected in its choice behavior by the presence of 7-epizingiberene (Fig. S8B) .
The F2 plants might contain other traits influencing pest resistance, which we cannot completely exclude. For this reason we created transgenic lines identical to cultivated tomato in every sense, but for the production of 7-epizingiberene from their type VI glandular trichomes. In these lines the effect on spider mite fecundity can be attributed to the presence of 7-epizingiberene solely. 7-Epizingiberene production increased even further in response to JA treatment (Fig. S4B) , indicating involvement in induced defenses following herbivory. The invasive red spider mite T. evansi, a specialist on tomato, was recently found to suppress JAactivated defense responses (33) , and is beginning to be a serious threat in agriculture. T. evansi appeared to perform slightly better than T. urticae on the transgenic line. However, also for this specialist, reproduction was severely compromised on the wild tomato and, more importantly, on the transgenic line (Fig. S6) . The effect of 7-epizingiberene on mite survival and fecundity will affect population development on greenhouse tomatoes as exemplified by the multigenerational experiments ( Fig. 4E and Fig. S7) .
One trait influencing herbivore resistance is the type and density of the glandular trichomes that produce, store and emit 7-epizingiberene. Zingiberene levels had been associated to type IV and VI trichome densities in an F2-population (10). On cultivated tomato type IV trichomes are far outnumbered by type VI (refs. 10, 11, 34, and 35; Fig. S5 ) and the promoters used for expression of zFPS and ShZIS are active in type VI (Fig. S4 ), indicating they are the primary source of 7-epizingiberene produced (Fig. 4 A and  B) . However, we cannot exclude a contribution of other types of glandular trichomes. Sole expression of zFPS and ShZIS is sufficient to allow S. lycopersicum to make repellent and toxic 7-epizingiberene, although concentrations are likely restricted by the number of trichomes (10, 11) . Also, the promoters used in this study, chosen for their trichome specificity, are probably not as strong as the endogenous S. habrochaites promoters. We know that SlMTS1 is not highly expressed (24) and the ShMKS1 promoter is expressed out of context in S. lycopersicum, possibly influencing expression levels. However, because expression is restricted to glandular trichomes, transgenic lines developed normally and no effect on flowering, fruit and seed set was observed. Additionally, whereas it would be conceivable that expression of zFps and ShZis in the plastid would lead to precursor competition, we did not find lower levels of monoterpenes in the transgenic line.
In summary, tomato glandular trichomes can be used as biochemical factories for the production of toxic and repellent defense compounds. We exploited the fact that a wild tomato species contains an atypical terpene pathway, confined to the chloroplast, allowing these plants to produce exceptionally high concentrations of 7-epizingiberene. Trichomes emerge early in tomato ontogeny and are found all over the plant, except on ripe fruits, making them ideal for metabolic engineering without affecting fruit flavor and yield. We have shown that, by the addition of two enzymes in the terpenoid-biosynthetic pathway, it is feasible to alter insect-choice behavior and improve cultivated tomato defense, both as proof-of-concept in transgenic lines, as well as via non-GM techniques.
Materials and Methods
Detailed information is described in SI Materials and Methods.
Plant Material. Solanum habrochaites PI127826 was obtained from Keygene N.V. A cross between S. lycopersicum cv Moneymaker and PI127826 was made and an F2 population was obtained through selfing. Plants were grown in a controlled greenhouse compartment with 16 h light. For the inhibitor study cuttings were placed in a hydroponics system amended with 10 μM fosmidomycin.
Expression Analyses. Tomato trichomes were shaken from stems frozen in liquid nitrogen. RNA was isolated from trichomes for expression analyses using real-time quantitative PCR.
GC-MS Analyses. Total tissue terpenes were analyzed by Solid Phase Micro Extraction (SPME) followed by desorption into the injector port of the GasChromatograph Mass Spectrometer (GC-MS). For leaf surface terpenes, leaves were washed for 5 min in hexane. Leaf washes were analyzed by injection into the GC-MS injector port. Compounds were separated on a DB-5 column with helium as a carrier gas. Mass spectra were collected with a Time-of-Flight MS. Zingiberene stereoisoforms were separated on an Astec CHIRALDEXTM B-DM column.
Enzyme Characterization. ShZIS was cloned into the pGEX-KG expression vector and transformed into Escherichia coli C41. After induction activity assays were performed in the bacterial lysate by addition of various terpene precursors. Products were sampled by SPME and analyzed by GC-MS. For kinetic analyses the recombinant fusion protein was purified using glutathione affinity binding. Purified protein was assayed with different Z,Z-FPP concentrations to determine K m and K cat values.
In Planta Engineering. Trichome specific expression of the Methyl Ketone Synthase (MKS1) promoter and the Monoterpene Synthase (MTS1) promoter was confirmed by expression of the uidA reporter (GUS). Next, the MKS1 promoter was used to drive zFPS and the MTS1 promoter was cloned in front of ShZIS. Both constructs were transformed to S. lycopersicum cv Moneymaker. The presence of 7-epizingiberene was analyzed by GC-MS in several independent transformants.
Bioassays. Performance of the Hemipteran B. tabaci (biotype Q) was assessed on F2 plants and transgenic lines producing 7-epizingiberene. Performance of spider mites (generalist T. urticae and specialist T. evansi; suborder Acari) was assessed in choice or no-choice assays on leaf disks and intact (transgenic) plants. The effect of 7-epizingiberene on the development of the Lepidopteran M. sexta and preference-behavior of the Coleopteran L. decemlineata was ascertained on F2 plants.
Statistics. Statistical analyses was performed by ANOVA followed by a post hoc test for comparison of individual means (SPSS Inc. 2010). When necessary values were log-transformed before analyses.
